The tissue and subcellular distribution of prephenate aminotransferase, an enzyme of the shikimate pathway, was investigated in protoplasts from leaves of Sorghum bicolor. Activity was detected in purified epidermal and mesophyll protoplasts, and in bundle sheath strands. EE Conn, unpublished data). In these examples, the plastid isozymes were regulated by shikimate pathway intermediates or end products, while the cytoplasmic isozymes, though quantitatively significant, were unregulated by the aromatic amino acids. In another study, minor, cytosolic forms ofEPSP synthase, DHQ dehydratase, and shikimate dehydrogenase were found in extracts from pea seedlings (13).
Information on the location in plants of shikimate pathway enzymes, though accumulating, is incomplete. The existing evidence indicates that the plastid compartment contains a complete pathway for the biosynthesis of aromatic amino acids. Isolated, intact spinach chloroplasts incorporated '4CO2 or ['4C ]shikimate into phenylalanine, tyrosine, and tryptophan, as well as into plastoquinone and a-tocopherol (1) . Further, most of the shikimate pathway enzymes have been demonstrated individually in preparations of purified chloroplasts (6, 9, 13) . Although several isoenzymic forms of the chloroplast enzymes were found in the cytosol, evidence for a complete extraplastidic pathway is currently lacking. One form of DAHP2 synthase was present in the cytosol (9) as was one form of chorismate mutase (5; BK Singh, EE Conn, unpublished data). In these examples, the plastid isozymes were regulated by shikimate pathway intermediates or end products, while the cytoplasmic isozymes, though quantitatively significant, were unregulated by the aromatic amino acids. In another study, minor, cytosolic forms ofEPSP synthase, DHQ dehydratase, and shikimate dehydrogenase were found in extracts from pea seedlings (13) .
Prephenate aminotransferase is required by all organisms which use the arogenate route for the biosynthesis of tyrosine and/or phenylalanine. In such organisms, production oftyrosine from prephenate proceeds by transamination, yielding arogenate, followed by dehydrogenation. All higher plants studied so far, including mung bean (15) , corn (3), tobacco (7) , and sorghum (4), were shown to contain arogenate dehydrogenase for tyrosine biosynthesis, implicating the presence of PAT in each of these species. PAT (2), and later in sorghum (16) . The present study is the first attempt to characterize the distribution of PAT.
MATERIALS AND METHODS
Plant Material. Seeds (Sorghum bicolor x Sorghum sudanensis hybrid, WAC Forage 99, WAC Seed, Inc., Hereford, TX 79045) were soaked in aerated water for 24 h at room temperature, then grown in vermiculite under a 16:8 h (fluorescent light:dark) photoperiod. The temperature during light was 27°C and during dark, 22C.
Preparation and Purification of Protoplasts. Protoplasts were obtained using a modification ofpreviously described procedures (11, 14) . Leaves from 6-d-old seedlings were abraded with carborundum, then incubated for 3 h at 30°C in a solution of 1.5% (w/v) Cellulysin (Calbiochem) in Mes-mannitol buffer (20 mM Mes [pH 5.6] and 0.6 M mannitol). The released protoplasts were filtered through a 44 gm mesh nylon net and pelleted by centrifugation at 100g for 10 min. The pellets were gently resuspended in 10 ml of 20% Ficoll in Mes-mannitol buffer. Five ml each of 10, 7.5, and 0% Ficoll were overlaid onto the 20% Ficoll mixture and the resulting gradient was centrifuged at 600g for 5 min. The protoplasts at the 0 to 7% interface (enriched with epidermal protoplasts) and at the 10 to 20% interface (enriched with mesophyll protoplasts) were collected using a wide mouthed pipette. The protoplast mixtures were diluted 5-to 10-fold with Mesmannitol buffer and collected by centrifugation at 300g for 3 min.
Preparation of Protoplast Extracts. In studies of tissue distribution, the pellets enriched with either mesophyll or epidermal protoplasts were each washed with 10 ml of 20 mM TricineNaOH (pH 7.5) containing 0.5% (w/v) BSA and 0.5 M mannitol. Washed protoplasts were lysed in 1 to 2 ml of 50 mM Tris-HCl (pH 8) containing 0.01% (w/v) Triton X-100 and immediately passed through a short column of Sephadex G-25 using a rapid centrifugation procedure (18) .
Preparation of Bundle Sheath Strands. Bundle sheath strands were prepared by previously described procedures (11) . Strands of bundle sheath were lightly homogenized with a Teflon pestle to remove mesophyll contaminants. The strands were homogenized in 50 mm Tris-HCl (pH 8) containing 0.01% Triton X-100 using a tightly fitting Ten Broeck homogenizer and immediately desalted as described above.
Cell Fractionation. The method described here is a modification of the previously described procedure (5) . Mixtures of mesophyll and epidermal protoplasts obtained immediately following digestion or mesophyll protoplasts enriched by Ficoll gradient centrifugation were used. All procedures were carried out at 4°C. Protoplasts were washed with 50 mM Tricine-NaOH (pH 7.5) containing 0.5% BSA and 0.5 M mannitol. Washed protoplasts were resuspended in 1 to 2 ml ofthe same buffer and (12) .
Enzyme Assays. Prephenate aminotransferase was assayed as previously described (16) . PEP carboxylase was assayed according to Ting (17) . NADP-dependent triose-P dehydrogenase was assayed according to Heber et al. (8) by following the decreases in absorbance of NADPH at 340 nm.
RESULTS AND DISCUSSION
We initially sought to determine whether PAT was distributed in all three major tissues of sorghum leaves, or restricted to a particular tissue. Activity was measured in lysates of epidermal and mesophyll protoplasts, and bundle sheath strands. The specific activity of PAT was highest in epidermal preparations, intermediate in bundle sheath strands, and lowest in mesophyll preparations (Table I) . Because mesophyll tissue contributes the most protein per mass of fresh leaf (10) , about 40% of PAT activity as a function of tissue weight was present in mesophyll tissue (Table I ). This calculation is probably an overestimate of the amount of PAT activity in mesophyll tissue due to the 8% contamination of the preparation of mesophyll protoplasts by epidermal protoplasts containing a high specific activity of PAT. Correction for cross-contamination, determined by counting protoplasts through a light microscope, can be estimated using the simultaneous equation described earlier (14) . This approach also indicated that PAT is present in all tissues in nearly identical proportions (calculations not shown).
To determine the subcellular location of PAT, the enzyme was assayed in fractions generated by differential centrifugation of protoplast lysates. In preparations of primarily mesophyll protoplasts, the distribution of PAT was similar to that ofthe plastid marker enzyme, so that 92% of PAT activity could be accounted for in the 4000g pellet (Table II) . Similar results were obtained from a preparation enriched to 84% epidermal protoplast. Thus, PAT was present largely, if not entirely, in the plastids of both cell types. Whether or not PAT is present outside the chloroplast cannot be determined from these data. However, Mousdale and Coggins (13), using high performance anion exchange chromatography, observed minor peaks of EPSP synthase, DHQ dehydratase, and shikimate dehydrogenase activity in extracts of pea seedlings. The minor peaks were absent in lysates of purified chloroplasts, providing strong evidence that there were extrachloroplastic isozymes of the three chloroplast enzymes. We observed only one peak of PAT activity by DEAE cellulose chromatography of extracts of sorghum seedlings (16) . On the basis of present results, we conclude that PAT is present in all three tissues of sorghum leaves, and that it is predominantly located in the plastid.
